To examine the involvement of the long (L) and middle (M) wavelength-sensitive cone opsin genes in conedominated phenotypes. METHODS. Clinical and molecular analyses included family history, color vision testing, full-field electroretinography (ERG), linkage analysis, and mutation detection. RESULTS. Eighteen families were recruited that had X-linked retinal disease characterized by cone impairment in which affected males usually had nystagmus, reduced visual acuity, normal to subnormal rod ERG, and reduced or extinguished cone ERG responses. A search for mutations in the L-M pigment gene array revealed disease-causing mutations in six families. In two of them, novel mutations were identified: a large deletion affecting both opsin genes and a single L opsin gene harboring a likely pathogenic mutation, p.Val120Met. A third family carried a single hybrid gene with the p.Cys203Arg mutation. Patients from the three remaining families carried a single opsin gene harboring two similar rare haplotypes. Although the phenotype of members in one of the families was compatible with blue cone monochromacy (BCM), patients from the two other families, who shared an identical haplotype, had only reduced or even normal full-field cone ERGs, but maculopathy was evident. CONCLUSIONS. Novel and known mutations affecting the L-M opsin gene array were identified in families with X-linked cone-dominated phenotypes. The results show that different mutations in this gene array can cause a variety of phenotypes, including BCM, cone dystrophy, and maculopathy. Males with X-linked cone-dominated diseases should be routinely analyzed for mutations in the L-M opsin gene array. (Invest Ophthalmol Vis Sci.
C one dystrophies (CDs) are a group of heterogeneous inherited retinal disorders characterized by bilateral impairment of visual acuity (VA), reduced or absent color vision, central visual field loss, photophobia, and reduced or absent cone electroretinogram (ERG) responses. The phenotype may be accompanied by high myopia and nystagmus. At early disease stages, it is difficult to distinguish between CD and other cone-dominated retinal phenotypes, such as achromatopsia and cone-rod degeneration. 1, 2 Two X-linked (XL) genes, RPGR and the cone opsin gene array, are known to cause XLCD. [3] [4] [5] [6] [7] [8] The L and M opsin genes (long-and middle-wavelength sensitive opsin genes) reside in a head-to-tail tandem array on Xq28. A normal opsin gene array contains a locus control region (LCR), a single L gene, and at least one M gene, 9 each harboring six coding exons with a high degree of similarity (96%). Mutations in the XL-opsin gene array can lead to either a mild color vision deficiency (affecting approximately 8% of males) or the more severe phenotype blue-cone monochromacy (BCM), which is a rare congenital type of XLCD. Color vision deficiencies can be divided into three types: protanopia (a dichromacy in which the function of the L opsin is impaired or absent), deuteranopia (a dichromacy in which the function of the M opsin is impaired or absent), and anomalous trichromacy (mainly due to a shift in spectral sensitivity). If, however, both L and M opsins do not function, the patients have BCM (MIM: 303700; Mendelian Inheritance in Man; http://www.ncbi.nlm.nih.gov/Omim/ provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD) mainly caused by large deletions that include the LCR region. 1, 7, 8, 10 In addition, the presence of a single gene with an inactivating point mutation (mainly p.Cys203Arg) is also a common cause of BCM, 1, 2, 7, 8, 11, 12 as are rare mutations, such as a single gene with an internal deletion 12, 13 and a missense mutation present on all copies of opsin genes. 1, 2, 7, 8, 10, 11 BCM and CD are closely related phenotypes but can be distinguished via the short S-cone ERG, which is well preserved in BCM. 1, 2 Most patients with BCM were reported to have a stationary cone disorder, but a few also manifest macular atrophy over time and/or progressive visual loss. 8 We report the first analysis of the XL opsin gene cluster in the Jewish population. Our cohort included 18 Jewish families of various origins with a diagnosis of XLCD or CRD phenotype. Six of the families were indeed found in this study to harbor mutations in the L-M opsin gene array, and all mutations are likely to cause dysfunction of both opsins. The affected individuals present highly variable retinal phenotypes associated with these mutations, ranging from severe BCM in one family carrying a large deletion, to mild maculopathy with reduced or even normal full-field cone function in families carrying a single opsin gene harboring missense mutations.
METHODS

Patient Recruitment
This study, which involved human patients, conformed to the tenets of the Declaration of Helsinki. Informed consent was obtained from the subjects after explanation of the nature and possible consequences of the study. The research was approved by the institutional review board (IRB). DNA was purified from blood samples (FlexiGene kit; Qiagen, Valencia, CA).
dus examination was performed. Subsequently, full-field (ff)ERG and color vision testing (Ishihara 38-plate and the Farnsworth-Munsell D-15 tests) were performed according to the ability and cooperation of the patients, as previously described.
14 ffERGs were recorded with corneal electrodes and a computerized system (UTAS 3000; LKC, Gaithersburg, MD). In the dark-adapted state, a rod response to a dim blue flash (Wratten 47b; Eastman Kodak, Rochester, NY) and a mixed cone-rod response to a white flash (2.35 cd ⅐ s/m 2 ) were acquired. Cone responses to 30-Hz flashes of white light (9.4 cd ⅐ s/m 2 ) were acquired on a background of 21 cd/m 2 . All ERG responses were filtered at 0.3 to 500 Hz, and signal averaging was used. Color fundus photography and fluorescein angiography were performed (CF-60; Canon, Tokyo, Japan; or model FF450PLUS, Carl Zeiss Meditec, Dublin, CA fundus camera). Optical coherence tomography (OCT) was performed with the Stratus OCT3 system (Carl Zeiss Meditec) or the Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany). OCT data were compared with the normal values reported by Chan et al., 15 who found a mean (ϮSD) central foveal thickness of 212 Ϯ 20 m using the Stratus OCT3 system. 15 Since retinal thickness is measured differently by the Zeiss and Heidelberg systems, all results were normalized to conform with the Stratus OCT3 method of measurement.
Screening for Mutations
Sequencing analysis of the LCR, promoters, and all six exons of the XL-opsin genes was performed by direct sequencing of PCR reactions that were either unique to a specific region (e.g., LCR, L promoter) or common to both the L and M opsin genes (e.g., exons 1-6). The oligonucleotide sequences had been reported previously as amplifying the LCR region, exon 4, exon 5, or L and M promoters, 1 or were designed by us (Supplementary Table S1 , http://www.iovs.org/cgi/ content/full/51/8/3884/DC1). The distinction between the L and M genes was based on known amino acid differences located within exons 2 and 5. Analysis of the first and downstream genes in the opsin cluster was performed as previously described. 16, 17 Whole X-Chromosome Linkage Analysis Twenty-eight microsatellite markers covering the whole X-chromosome were used to reconstruct the X-chromosome haplotype in family MOL0110. In addition, we used microsatellite markers (DXS1068, DXS8016, DXS8014, DXS8102, DXS8113, DXS556, and DXS998, DXS1123, D3S2390, DXY5154) that are specific to either the RP3 locus or Xq28.
RESULTS
We initially recruited a large Moroccan Jewish family (MOL0110) containing 33 affected males (Fig. 1, Table 1 ), 13 of whom were clinically examined and given a diagnosis of XLCD/CRD. The affected males, who appeared mainly in generations III and V, had various degrees of nystagmus, markedly impaired VA, normal to subnormal rod ERG responses, and severely reduced or extinguished ffERG cone responses ( Table 2) . Color vision was markedly abnormal: The affected males could not identify any of the Ishihara plates and made a large number of errors, with mixed protan and deutan defects, on the D-15 test. Fundus examination did not reveal pathologic findings in most of the patients, even at advanced ages, and fluorescein angiography (FA) was essentially normal (Figs. 2A-C). However, some thinning of the macular region was evident on OCT scans, even in young patients (Figs. 2D-F). Linkage analysis using 28 microsatellite markers covering the whole X-chromosome identified a segregating region on Xq28, including the L and M cone opsin gene array. We subsequently screened the opsin gene array for mutations and identified a large novel deletion containing most of the L opsin gene and about half of the M opsin gene. A detailed analysis of the deletion boundaries, performed with different sets of primers, revealed a 46,217-bp deletion (c.9_OPN1MW:578ϩ271del46217; Fig. 3A ). The mutant allele perfectly cosegregated in MOL0110 (Fig. 1) . The proxi- mal boundary was found within exon 1 of the L opsin gene (seven nucleotides downstream the initiation codon), and the distal boundary was found within intron 3 of the M opsin gene. This large deletion creates an abnormal hybrid opsin gene containing the LCR, the L opsin promoter region, and the beginning of exon 1 (including only the first 8 nucleotides of the open reading frame), followed by the 3Ј region of the M opsin gene starting from intron 3 (Fig. 3A , Table 1 ). Based on the genetic findings, the diagnosis of affected males in family MOL0110 was revised to BCM rather than CD or CRD.
To determine the frequency and spectrum of mutations and phenotypes caused by alterations in the L-M cone opsin gene array in our sample, we studied 17 additional families with cone-dominated disease in which the inheritance pattern was interpreted as definite XL (eight families), possible XL (6) or isolated male (3). Detailed PCR and sequencing analysis of the array revealed mutations in the opsin array that were likely pathogenic in five of the families (Table 1, Fig. 1 ). Sequence data of the remaining families are available in Supplementary  Table S2 .
In family MOL0432 (Fig. 1) , we identified a single hybrid L3/M4 gene (which included a 5Ј L opsin sequence in exons 1 to 3 and a 3Ј M opsin sequence in exons 4 -6) harboring the previously described c.706CϾT (p.Cys203Arg) missense mutation. Both affected siblings (III:1 and III:2) had low VAs (Table 2) at ages 15 and 12 years, respectively. Their rod ffERG amplitudes were within normal limits, mixed cone-rod ERG amplitudes were slightly reduced, and cone ERG was extinguished in one patient and was approximately 75% of the lower limit of normal in his brother. Fundus examination was within normal limits at these ages, but OCT revealed macular thinning.
An isolated case (MOL0283 II:2, Fig. 1 ) of Iraqi Jewish ancestry had a single L opsin gene with a novel missense change, c.358GϾA (p.Val120Met), in exon 2 (Fig. 3B) . Sequence alignment showed that Val120 is a highly conserved amino acid among evolutionarily distant species (Fig. 3C) . The mutation was not found in more than 140 control females of Iraqi Jewish origin. We therefore consider p.Val120Met to be a likely pathogenic mutation. Of interest, at the age of 32 years, early atrophic changes were seen on funduscopy (Fig. 2G) without a significant window defect or staining on FA (Fig. 2H) . Nine years later, macular involvement progressed and was more evident, with clear evidence of atrophy on FA, subfoveal changes on OCT, and autofluorescence abnormalities (Figs. 2I-L) .
Patients from three additional families similarly had only a single opsin gene within the opsin gene array. This single gene harbored a rare combination of single nucleotide substitutions in exon 3 (Fig. 3D, Table 1 , Supplementary Fig. S1A , http://www. iovs.org/cgi/content/full/51/8/3884/DC1). An L opsin gene harboring the LIAVS (L153-I171-A174-V178-S180) haplotype (versus the most common L opsin haplotype LVAIS) was found in two of the families: MOL0250 and MOL0267. Patients from the third family, MOL0057, had a similar haplotype (LIAVA; Fig. 3D , Table  1 ), which differs by one amino acid at position 180 on an L3/M4 hybrid gene. These haplotypes contain two relatively rare substitutions, p.Val171Ile and p.Ile178Val, 18 and have been described as possibly causing disease in three families with BCM. 8, 19, 20 Of interest, the retinal phenotype in these patients was variable. The two affected brothers from family MOL0057 with the LIAVA haplotype had a relatively severe retinal phenotype compatible with BCM. They had high myopia, markedly impaired VA, moderately reduced mixed cone-rod ERG response, and extinguished cone ERGs (Table 2) . Funduscopic findings included myopic, mildly pale optic discs, preserved retinal vessels, mottling of the RPE with very small spots of atrophy in the foveal region, and mild myopic changes in the periphery. In contrast, affected males from families MOL0250 and MOL0267 with the LIAVS haplotype had better visual function and somewhat different funduscopic findings. In family MOL0250, a 50-year-old affected male (III:2) had borderline normal dark-adapted mixed cone-rod ffERG responses, rod ERGs that were within normal limits, and cone ERGs reduced to ϳ35% to 50% of the lower limit of normal. Mild atrophy was evident in the posterior pole around the fovea (Figs.  2M-N) and OCT showed thinning in the foveal region. His younger nephew (IV:3) showed progressive deterioration of VA and also rod ERG responses over the span of 8 years: mixed cone-rod ERG responses were moderately reduced, rod responses were still within normal limits, and cone ERGs reduced to 50% to 65% of the lower limit of normal. Both mixed and rod ERG responses deteriorated by ϳ35% to 50% compared with the val- For refraction, visual acuity, and ERG columns, data of the right eye are given in the first line and of the left eye, in the second line. ND, not done. * Refraction: pl-plano, sph-sphere. † ffERG, full field electroretinogram: in most patients a full protocol was performed in the awake state after at least 30 minutes of dark adaptation. The reference values for this protocol are as follows: rod response b-wave amplitude, normal Ͼ200 V; mixed cone-rod response amplitudes: normal a-wave Ͼ90 V, normal b-wave Ͼ400 V; 30 Hz Cone flicker response: normal amplitude (amp) Ͼ60 V; normal implicit time (IT) Յ33 ms. In young patients, a short protocol was performed under sedation. Cones were tested first under light-adapted conditions with the same reference values as above. After two minutes of dark-adaptation, a mixed cone-rod response to a standard flash is recorded (reference b-wave amplitude Ͼ200 V).
§ Ishihara plates: Most affected males identified only the first plate (#12) which is not associated with color vision (those who were able to read additional plates are detailed in the table). All female carriers had normal color vision.
ues recorded at age 24. Over this time, maculopathy also became more evident clinically. Areas of atrophy appeared in the center of the fovea, and the patient assumed parafoveal fixation loci. The foveal changes were not severe at the age of 24, but were clearly seen on fundus examination at the age of 32, with the atrophic areas evident on FA and marked thinning apparent on OCT (Figs.  2O-Q) . The affected patient (III:1) from family MOL0267 had even better retinal function: At age 34, rod, mixed, and even cone ffERG responses were within normal limits. Funduscopic findings were minimal, but marked thinning of the foveal region was evident on OCT (Figs. 2R-T) .
Finally, we identified a family (MOL0152, Fig. 1 ) in which three affected brothers had a clinical diagnosis of XL-CRD. Sequencing analysis of the LCR, promoters, and all exons indicated that both the L and M opsin genes were present. Sequencing analysis of exon 3 revealed a mixture of both the common and the above-mentioned rare haplotype. To determine the order and composition of the opsin genes, we performed three long-range PCR amplifications aiming to analyze the most upstream gene, the remaining downstream gene(s), and the most downstream gene. Sequencing analysis of the three affected brothers revealed a 5Ј L opsin gene harboring the LIAVA haplotype, followed by an M opsin gene (or a few identical M opsin genes) harboring the relatively common MVVVA haplotype in exon 3 (Fig. 1, Table 1 , Supplementary Fig. S1A ). The MVVVA haplotype has been reported in many control chromosomes 18, 21 and is unlikely to cause dysfunction of the protein. The gene array in these three affected brothers is therefore likely to result in a dysfunctional L opsin protein (due to the LIAVA haplotype), but a rather normal M opsin function.
The proximal subregion of the opsin gene array is known to contain DNA regulatory elements that are involved in control- D-F) , compared with normal OCT. 15 In a 51-year-old affected relative (MOL0110 III:14) with high myopia, fundus appearance (B) and FA examination (C) reflect myopic changes, but no overt signs of maculopathy or retinal dystrophy were apparent. Fundus photographs of patient MOL0283 II:4 with the novel cone opsin mutation c.358GϾA (p.Val120Met) were presented at age 32 (G, H) and 41 (I-L). At age 32, a color fundus image showed mild atrophic changes in the foveal area (G, RE) with minimal changes on FA (H, RE). At age 41, progression of the maculopathy was evident, with increase in foveal atrophy (I, LE) and a window defect and staining on FA (J, LE). Autofluorescence abnormalities (K, RE) and subfoveal changes on OCT (L, LE) was also evident at age 41. Families MOL0250 (M-Q) and MOL0267 (R-T) shared the same cone opsin mutation (a single L opsin gene on the array harboring the LIAVS haplotype). Patient MOL0250 III:2 at the age of 50 showed minimal macular findings on fundus examination (M) and FA (N). His 32-year-old nephew, patient MOLO0250 IV:3, showed bilateral foveal atrophy, as seen on a color fundus photograph of the RE (O) and manifesting as a window defect in FA of the LE (P). Spectral OCT of the RE showed foveal thinning (Q). Patient MOL0267 III:1 at age 34 showed similar foveal thinning on OCT3 imaging of the RE (R, S) and LE (T). ling transcription of the opsin genes. 22 Sequence analysis of this region in our patients did not reveal the haplotype tag (represented by a CϾT transition at position 152,928,238), which has been suggested to be associated with a relatively high L:M cone photoreceptor ratio.
DISCUSSION
We describe a spectrum of retinal phenotypes and mutations due to either the lack of intact L and M cone opsin genes or to the presence of a single, but abnormal, gene. Two of the mutations we describe are novel, including a large genomic deletion characterized in detail. It is intriguing to assume that a large set of different types of monoallelic mutations, such as the one found in the opsin gene array, may result in a clear genotypephenotype correlation. Data provided by others, 7, 8, 10 as well as our data of family MOL0110, clearly indicate that when none of the opsins on the X-linked array is expressed (i.e., LCR deletions), or that when a nonfunctional opsin protein is expressed (i.e., p.Cys203Arg), 23 the resulting phenotype (usually referred to as BCM) is the most severe among the retinal phenotypes associated with X-linked cone opsin mutations. At the clinical level, this includes the lack of cone ERG response, severely impaired color vision, photophobia, and nystagmus. At the other end of the spectrum, when both the L and M opsin genes are present, a defect in one of the genes results in a relatively mild color vision deficiency with normal VA and ERG responses. The authors were not able to characterize the phenotypes in all cases between these two extremes, and there is no clear genotype-phenotype correlation. One of the most interesting mutations in the L-M opsin gene array is the combination of a rare set of amino acids within exon 3 leading to impaired cone function. We report two related haplotypes (LIAVS and LIAVA) in three Jewish families, two of whom are of Ashkenazi origin. In all cases, the cluster contained only one copy of a pigment gene (either L or L-M hybrid) harboring the haplotype (Supple- mentary Fig. S1A ). Cone function in these patients was not absent (as is usually seen in patients with BCM) but rather was reduced to about one half of the lower limit of normal. These haplotypes have been reported in the literature, but the authors were not able to identify them in all cases as the cause of disease ( Supplementary Fig. S1B ). A similar haplotype (designated by the authors 8 as G1005A-G1007T-A1026G leading to 171I-178V) was initially reported in a single BCM family (family H) harboring a single L gene, but was not considered to be a pathogenic mutation at that time. 8 The cone ERG in two patients from family H was markedly decreased but not absent, even at the age of 50 years. In a later study, two brothers diagnosed with X-linked incomplete achromatopsia were found to carry two L genes and two M genes. 20 The two L opsin genes are likely to be the first genes on the array, and both harbored the LIAVA haplotype, considered by the authors to be the cause of disease. The phenotype is compatible with BCM although some residual M opsin cone function appeared to be present. The LIAVA haplotype has also been reported in dichromat individuals, but is not always recognized as the cause of color deficiency. A genetic analysis of 125 males with protan deficiency revealed an array that can explain the phenotype in most cases. 24 Among the cases considered by the authors to be carrying a normal array, one protanope individual (A376) harbored the LIAVA haplotype on the L gene (Supplementary Fig. S1B ). In a different study, sequence analysis of 129 dichromats revealed two individuals harboring the rare haplotype: One deuteranope had an intact L gene and a single M gene with the LIAVA haplotype, and one protanope subject had a single L gene harboring the LIAVA haplotype and four M genes. The authors did not identify this haplotype in 300 pigment genes from normal control subjects and considered it likely to be pathogenic. 19 Indirect support for the pathogenicity of these haplotypes was obtained by the observation that the haplotype was not present in a set of 45 dichromats who carried a single X-linked opsin gene. 25 Although substitutions in amino acids 171 (two subjects) and 178 (five subjects) could be observed in this set of functional genes, 25 none carried both substitutions, and therefore none of the functional genes harbored the LIAVA/S haplotype. Eight disease-causing missense mutations were reported thus far to affect either the L or M opsin gene. 7, 19, 24, 26 Their localization on a two-dimensional model of the L opsin protein ( Fig. 4 ; gray-filled circles) show that they are spread along the protein. The amino acids composing the LIAVA/S haplotype are located mainly within TM4 in adjacent to tryptophan residues (codons 177 and 179) shown to be important for folding of the red opsin molecule. 27 In addition, helices IV and V were shown to be important for intradimeric contact in the process enabling rhodopsin to assemble into dimers. 28 The LIAVA/S haplotype may therefore reduce protein stability leading to a retinal phenotype. The novel mutation we identified, p.Val120Met, is located in the first extracellular loop and is conserved along evolution. A valine residue is also found at the same site in rhodopsin (as part of a relatively conserved region between rhodopsin and the L and M opsins) but no disease-causing mutations were reported to affect this amino acid.
Most patients with BCM have a normal fundus appearance (even at advanced ages) and no cone ERG responses from an early age. In only a few cases, minor macular abnormalities could be observed. 1 It is interesting to note that the patients described with the LIAVA/S haplotype and the novel p.Val120Met probable disease-causing mutation had maculopathy, although their cone ERG was not absent (and was even normal in one patient). A possible explanation for this observation is that the lack of expression of both opsins causes cone dysfunction with no photoreceptor degeneration. On the other hand, an abnormal opsin could be partially functional but possibly toxic to the photoreceptor cell over time. This may cause cone photoreceptor degeneration that will initially affect the macula, but may at later stages cause rod degeneration as well. Adaptive optics techniques may help to determine cone photoreceptor distribution and survival in these patients at different retinal regions. In only one report so far, adaptive optics was used to assess the cone mosaic of dichromats, one of whom was a deuteranope due to an inactivating allele (haplotype LIAVA; Carroll J, personal communication, 2009) on the L opsin gene. 29 Patchy loss of normal cones throughout the photoreceptor mosaic was observed. A comparison of these data to the cone mosaic of patients with a variety of cone opsin array mutations may reveal the genotype-phenotype correlation at the cellular level.
The clinical findings in family MOL0152 are more difficult to explain. Based on the cone opsin array genotype, the expected phenotype is protanopia, due to an abnormal L gene and a normal M opsin gene. The three patients in this family, however, had a more severe retinal phenotype, compatible with BCM, and all three patients had inherited the same cone opsin array from their mother. Other cases of cone-dominated disease (either BCM or progressive CD) have been reported to carry a deutan-protan genotype as well. 10, 30, 31 It is intriguing to consider the possibility that a skewed L/M cone photoreceptor ratio in combination with a deutan/protan genetic defect may lead to a severe retinal phenotype. High-resolution adaptive optics imaging identified a large variation in the L/M cone photoreceptors ratio (ranging from 1.1:1 to 16.5:1), even among individuals with normal VA and color vision. 32 In summary, mutations in the X-linked array of cone opsin genes are considered to cause two main phenotypes: a relatively mild and highly prevalent phenotype (color vision deficiency) and a much more severe retinal disease, BCM. Based on our findings and as exemplified by the LIAVA/S haplotype, we propose that there is a spectrum of X-linked cone opsin phenotypes with different levels of severity between these two extremes.
